Directed differentiation of embryonic stem (ES) cells is useful for creating models of human disease and could potentially generate a wide array of functional cell types for therapeutic applications. Methods to differentiate ES cells often involve the formation of cell aggregates called embryoid bodies (EBs), which recapitulate early stages of embryonic development. EBs are typically made from suspension cultures, resulting in heterogeneous structures with a wide range of sizes and shapes, which may influence differentiation. Here, we use microfabricated cell-repellant poly(ethylene glycol) (PEG) wells as templates to initiate the formation of homogenous EBs. ES cell aggregates were formed with controlled sizes and shapes defined by the geometry of the microwells. EBs generated in this manner remained viable and maintained their size and shape within the microwells relative to their suspension counterparts. Intact EBs could be easily retrieved from the microwells with high viability (.95%). These results suggest that the microwell technique could be a useful approach for in vitro studies involving ES cells and, more specifically, for initiating the differentiation of EBs of greater uniformity based on controlled microenvironments.
Introduction
Embryonic stem (ES) cells have generated great enthusiasm because of their ability to expand in culture and to differentiate into a variety of therapeutic cell types 1,2 such as hepatocytes, [3] [4] [5] pancreatic beta cells, 6 cardiomyocytes, [7] [8] [9] osteoblasts, 10, 11 endothelial cells, 12 and neural cells. [13] [14] [15] [16] [17] ES cells are also useful as models for human disease and development. 18 One of the major challenges with ES cell research is to develop technologies to culture cells under controlled homogenous conditions. Directing the differentiation of ES cells is believed to be largely regulated by various microenvironmental factors, such as soluble growth factors, matrix components, as well as cell-cell contact molecules. 19, 20 During development, a cell's position within spatially distinct microenvironments generated inside the embryo governs fate decisions in a tightly conserved manner. These events are recapitulated in vitro, where cells at the periphery of differentiating ES cell aggregates tend to differentiate into primitive endoderm while the cells at the center of aggregates tend to differentiate into primitive ectoderm cells. 21 The interaction of these cells can then induce further specification of cells within the aggregates. 22 Therefore, in vitro microenvironmental factors, such as the position of cells relative to others within an aggregate and aggregate size, could influence their outcome. Most protocols for inducing ES cell differentiation involve the removal of self-renewing factors and the formation of cell aggregates, called embryoid bodies (EBs), which initiate many developmental processes. EBs, which can generate cells from all germ layers, 19 are generally formed through suspension 23 or hanging drop 24 methods. In suspension cultures, ES cells are placed on non-adhesive tissue culture dishes that allow cells to ''clump together'' in solution and form aggregates. Although suspension cultures are scalable, the dynamic environment increases the probability of collision and further aggregation 25 and can result in a large size distribution. Recent methods have addressed some of these limitations through the use of a pitched blade turbine to create axial flow: however, ES proliferation, viability and aggregation are sensitive to hydrodynamic forces that result from elevated stirrer speeds. 26 The hanging drop method is an alternative approach to forming EBs. In this method, cells are placed within liquid droplets on an inverted substrate. Although this method has the benefit of controlled EB size, changing media without disrupting the EBs poses a difficult challenge, and formation of large numbers of EBs is cumbersome, which makes this approach difficult to scale-up. The development of new methods that can be used to homogenously form EBs and control their differentiation may be beneficial. These methods may also be useful for high-throughput drug screening or embryo toxicity studies. 27 An improved method for controlling EB formation should: provide homogenous conditions and allow precise control of the initial number of cells, size and shape; be simple to perform and cost-efficient; permit the delivery of soluble and bound cues to the cells in a highly controlled manner; permit the recovery of the aggregates for further experimentation; have the potential for scalability; and be easily adaptable for highthroughput screening experiments.
To accommodate these criteria we investigated the potential of using micro-/nano-scale approaches, which represent an emerging field in controlling the cellular microenvironment. [28] [29] [30] [31] In these approaches, engineering can be applied to modify and control the cell's interactions with its immediate microenvironment. For example, micropatterning of substrates can be used to localize cells within a particular region on the substrate to allow high-throughput testing of material-ES cell interactions or differentiation. 28, 29, [32] [33] [34] Furthermore, modifications to the substrate shape have been shown to induce mesenchymal stem cell fate decisions. 35 In this study, we used soft lithography 34, 36 to fabricate microwells without the use of complicated chemicals or expensive clean rooms. Microwells were fabricated from photocrosslinked poly(ethylene glycol) (PEG), a cell-repellant and inert material that prevents cell adhesion. 37 Although microwells have been previously used to control the fabrication of uniform shaped cell aggregates from differentiated cell lines 32 and have also been used to control the interaction of ES cells with a second cell type, 33 the ability to homogenously control differentiation using microwells has not been demonstrated. Given the great interest in the field in interfacing micro-scale technologies with ES cells, 32, 33, [38] [39] [40] [41] we believe it is critical to characterize the impact of micro-scale manipulation on such intricate cell types. Specifically, since ES cells have the potential to spontaneously and non-homogenously differentiate during culture manipulation, it is important to develop methods which can improve the homogeneity of culture conditions, a topic that is pertinent to the field but seldom discussed. Using cell repellant PEG microwells we show that it is possible to template ES cell aggregates to generate large numbers of isolated EBs, within an array, with controlled sizes and shapes, and that this method significantly reduces the heterogeneity of marker expression. Furthermore, as observed from marker expression from all 3 germ layers, microwell generation of uniform EB does not affect the capacity for multilineage differentiation.
Materials and methods

Materials
All tissue culture media and serum were purchased from Gibco-Invitrogen Corporation, cell lines were purchased from American Tissue Type Collection and all chemicals were purchased from Sigma-Aldrich Chemical Company, unless otherwise indicated. Polydimethylsiloxane (PDMS) elastomer composed of pre-polymer and curing agent was purchased from Essex Chemical (Sylgard 184). Calcein AM, ethidium homodimer and FITC-labeled BSA (FITC-BSA) were purchased from Molecular Probes (Eugene, OR). Mouse leukemia inhibitory factor (LIF) was purchased from Chemicon International, Inc. (Temecula, CA). MC-480, the antibody against SSEA-1, was purchased from Developmental Hybridoma Bank (Iowa City, IA). Phycoerythrin-conjugated goat anti-mouse IgM antibody was purchased from Jackson ImmunoResearch (West Grove, PA). Alpha-1-fetoprotein (AFP) was purchased from DakoCytomation (Carpinteria CA). Brachyury and Nestin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Phycoerythrinconjugated goat anti-rabbit IgG antibody was purchased from Sigma.
Cell culture
All cells were manipulated under sterile tissue culture hoods and maintained in a 95% air-5% CO 2 humidified incubator at 37 uC. Murine ES cells (R1 strain) were maintained on gelatintreated dishes on a medium comprised of 15% ES-qualified FBS and 1000 U ml 21 mouse leukemia inhibitory factor (LIF) in DMEM knockout medium. ES cells were fed daily and passaged every 3 days at a subculture ratio of 1:4.
PDMS mould fabrication
PDMS moulds were fabricated by curing prepolymer (Sylgard 184, Essex Chemical) on silicon masters patterned with SU-8 photoresist. To cure the PDMS prepolymer, a mixture of 10:1 silicon elastomer and the curing agent was poured on the master and incubated at 70 uC for 2 h. The PDMS mould was then peeled from the silicon wafer and cleaned with ethanol and acetone prior to use. The patterns on the masters had depressed features of various shapes, which resulted in corresponding PDMS replicas with protruding features.
Formation of EBs within microwells
PEG microwells were prepared as previously described 37 ( Fig. 1 ). To create surfaces capable of PEG attachment, glass slides were treated with trimethylsilyl methacrylate (TMSMA) for 5 min and cured at 100 uC for 10 min to enhance the Fig. 1 Fabrication of PEG microwells and formation of an array of EBs. To fabricate PEG microwells, a PDMS mould containing protruding features was pressed onto a thick PEG polymer layer followed by crosslinking with UV and removal of the mould. Acrylate groups were used to anchor the photocrosslinkable PEG to the substrate. To generate EBs, a high density cell suspension was placed on the microwell arrays and allowed to settle within the wells. Subsequently, the array was gently washed to remove extraneous cells outside of the microwells, while cells within the microwells remained intact and shear-protected. The arrays were subsequently incubated and allowed to form EBs. adhesion of PEG to the surface. After rinsing 26 with DI water, a solution of 99.5 wt% PEGDA (MW 330) and 0.5 wt% of a water-soluble photoinitiator 2-hydroxy-2-methylpropiophenone photoinitiator was prepared. A few drops of the PEG polymer were evenly distributed onto the substrate, and a PDMS mould was then placed directly on the polymer film and exposed to 365 nm, 300 mW cm 22 UV light (EFOS Ultracure 100 ss Plus, UV spot lamp, Mississauga, Ontario) for 30 s. To create EBs through immobilization of cells within the microwells, ES cells were trypsinized, re-suspended in medium at a concentration of y4 6 10 6 cells mL 21 , plated on the PEG substrate in 6-well plates (with y5 ml in each well), and allowed to settle overnight ( Fig. 1) . The cultures were then washed by a gentle flow of medium to remove cells that had not docked within the microwells. The cultures were returned to incubation at 37 uC and 5% CO 2 and fed with ES medium without LIF every 3-4 d. To harvest these EBs, a stream of medium is rinsed over the microwell surface using a P200 pipette. Each PEG microwell substrate is approximately 24.5 mm 6 24.5 mm in size (to fit within the wells in a 6-well plate), and the number of microwells per substrate ranges from y4000 for the 150 mm diameter microwells to y60 000 for the 40 mm diameter microwells. The number of EBs used for each statistical analysis is specified in the legend for each graph. Depending on the initial seeding density relative to the microwell size, based on qualitative observation y75% of the microwells are completely filled with cells after an overnight incubation, and y50% cells initially seeded end up aggregating and completely filling the space within the microwells, and these are the cells that are used for the subsequent analyses.
Cell viability and analysis
To analyse cell viability, cells were incubated for 20 min with a solution containing ethidium homodimer and calcein AM dissolved at 4 and 2 mg mL
21
, respectively, in DMEM containing 10% FBS. Live cells stained green while dead cells stained red, and they were visualized under an inverted fluorescent microscope (Axiovert 200, Zeiss).
Cell differentiation and analysis
ES cell self-renewal was analysed by fixing cells with 4% paraformaldehyde for 10 min and staining cells with MC-480/SSEA-1 antibody (diluted 1:10 in a PBS solution) for 30 min and then phycoerythrin-conjugated goat anti-mouse IgM (diluted at 1:1000) for 30 min. ES cell endodermal differentiation was analysed by fixing cells with 4% paraformaldehyde for 10 min, permeabilizing cells with 0.2% Triton-X for 5 min, and staining cells with AFP antibody (diluted 1:1000 in a PBS solution) for 30 min and then phycoerythrinconjugated goat anti-rabbit IgG (diluted at 1:20) for 30 min. Appropriate controls were prepared by staining cells from each experimental group directly with the secondary antibody for SSEA-1 and AFP (without staining them with the primary antibody first). The fluorescence level of these control groups was then set as background and subtracted from that of the experimental groups. The fluorescence level was determined by using a flow cytometer (BD FACScans) and analysed using the Cell Quest software. To provide a comparison against the cells grown in microwells of different sizes, ES cells from normal T-flask culture with LIF and EB cells formed from standard suspension culture without LIF were analyzed in parallel. Individual EBs were analysed by using the same staining protocol as described, with brachyury antibody (diluted at 1:200) and nestin antibody (diluted at 1:200), followed by phycoerythrin-conjugated rabbit anti-goat IgG (diluted at 1:20). Stained EBs were visualized and imaged using fluorescent microscopy, and the fluorescence of each EB was quantified using Scion Imaging and normalized with regard to the background fluorescence (of cells stained with secondary antibody only). To obtain fluorescent intensity values from individual EBs formed using microwells, the EBs were digitally isolated using the Scion image analysis program. The outer edge of microwells was ignored due to autofluorescence.
Scanning electron microscopy
To perform scanning electron microscopy (JEOL 6320FV), samples were mounted onto aluminium stages, sputter-coated with gold to a thickness of 200 Å and analysed at a working distance of 20 mm.
Confocal microscopy
For confocal microscopy, cells were stained with the membrane dye carboxyfluorescein diacetate, succinimidyl ester (CFSE) at 10 mg ml 21 in PBS, fixed with Fluoromount-G, and covered with a No. 1 thickness cover slip. Confocal images were taken at 106 magnification through a FITC filter with a maximum focal depth of 248 mm. CFSE was excited with an Argon laser at 488 nm.
Protein adsorption
FITC-BSA was dissolved in PBS (pH = 7.4) at 20 mg mL
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. To test for substrate exposure through protein adhesion, a few drops of the protein solution were evenly distributed onto the patterned substrates and incubated at room temperature for 45 min. All patterned surfaces were then washed and analysed using an inverted fluorescent microscope (Axiovert 200, Zeiss).
Results and discussion
To develop a method of controlling EB formation with controlled sizes and shapes, a micro-scale template-based approach was used (Fig. 1) . In addition, since cellular aggregates such as EBs are typically formed in suspension, surfaces that repel cells and proteins are desired. Microstructures were fabricated by micromoulding photocrosslinkable PEG, a cell-repellant hydrogel, as previously described. Using these features it was envisioned that the templating of ES cells within microfabricated non-adhesive microstructures could be used to generate EBs with controlled sizes and shapes. This system can easily be adapted to include other micro-scale techniques to localize cells within a particular region on the substrate or to perform highthroughput analysis of the effects of various conditions on ES cell differentiation.
28,29,35
The cell-repellant properties of PEG microwells were evaluated by assessing their resistance to protein adsorption (Fig. 2) . Specifically, PEG-coated surfaces resisted adhesion of FITC-BSA ( Fig. 2A, B ) in comparison with glass or acrylated controls, as observed by the lack of FITC staining compared with non-coated surfaces (not shown). This demonstrated that these microwells were fully coated with PEG and thus cells which were captured within these aggregates would not be exposed to protein-coated surfaces. Scanning electron microscopy (SEM) images of PEG microwells demonstrate that PEG microstructures can be fabricated with high-pattern fidelity (Fig. 2C) . This facilitates the potential of scale-up without compromising the homogeneity of system, as is seen with suspension cultures where EBs may aggregate. 25 As shown in Fig. 2D , cells successfully docked within the microwells. Furthermore, once the cells had settled within these regions they were not easily displaced, whereas excess cells could be easily rinsed away.
To evaluate the feasibility of PEG microwells for controlling the size of EBs, cells were confined within microwells with diameters ranging from 40 mm to 150 mm and heights of approximately 20 mm to 35 mm (Fig. 3(a) ). The general procedure for generating such arrays involved plating a high cell density (y4 6 10 6 cells cm
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) on the PEG substrates and allowing the cells to settle within the microwells. Through seeding an excess number of cells, microwells of the same size can be filled with approximately the same number of cells. The presence of microwells creates regions of low shear stress, preventing the aggregates from being displaced during cell culture maintenance. Unlike suspension cultures, where the size of EBs may be highly variable and where control over the size of EBs may require an increase in propeller speed which may compromise cell viability, culturing of EBs within the microwells achieves highly defined dimensions with little variability (Fig. 3(a), (b) ). Statistical analysis was performed using the F-test, which returns the result of the one-tailed probability that the variances in the two data sets compared are not significantly different. The results for day 5 ( Fig. 3(a) ) show that the differences in variance observed between groups are statistically significant (p , 0.05), thus verifying the relative homogeneity in size of EBs created through the microwell approach. When the time course diameter of the EBs was examined, it was found to be constant for over 10 d within all sizes of microwells with a small standard deviation compared with that of suspension culture EB controls ( Fig. 3(b) ). In addition to smaller variation within an experiment for the microwell technique, it was found that the variation in aggregate size was also smaller across multiple experiments (Fig. 3(c) ).
Live/dead staining demonstrated that the cells within the EBs remained viable throughout a 10 d culture period (Fig. 4 A-D) irrespective of the microwell size. In addition to cultivating arrays of homogenous EBs of defined dimensions, a main advantage of using cell-repellant microwell templates is that EBs can be easily harvested from the wells at any time without compromising cell survival (Fig. 4  E-H) . Overall, it is shown that EBs grown in microwells maintain their shape and a high degree of homogeneity in comparison with EBs that are generated using suspension cultures (Fig. 3) . This permits the use of these EBs for future experimentation or potentially for therapeutic use. In addition, it is possible to interface EBs housed within microwells with microfluidics for high-throughput screening applications, 42 after which the EBs can be recovered and further analyzed.
The EBs which were fabricated using this method were disk shaped. EBs created from suspension cultures are often spherical and typically quite heterogeneous in size (Fig. 3(a) ). Interestingly, we found that the shape of the EBs did not significantly affect the expression of undifferentiated or differentiated markers after 5 d. However, after 15 d trends in SSEA-1 and AFP expression indicate differences between microwell and suspension cultures, including differences among 50 mm and 100 mm microwells. Future work is required to determine the nature of these differences, which may be a function of EB size, shape, and aspect ratio. Importantly, the microwell system is well suited for interrogating the effect of these variables on ES cell differentiation. 31 Specifically, microwells can be engineered with various aspect ratios and sizes. To examine parameters such as the surface area to volume ratio of the EBs and thus the ratio of cell-cell to cell-soluble environment interactions. In addition, the aggregate shape may affect mechanical forces transduced within the aggregate leading to differences in phenotype, as has recently been demonstrated. Confocal laser light microscopy (Fig. 5) demonstrated that ES cells conformed to the dimensions of the microwells regardless of microwell diameter (40-150 mm) . Although the diameter of the EBs grown within the microwells did not change significantly during the 10 d of culture (Fig. 3(b) ), confocal images show that EBs formed in the large well sizes (100 and 150 mm) grew out of the microwells heightwise while maintaining the same diameter on the plane of the substrate surface. Therefore, cell-repellant microwells do not appear to inhibit cell growth. To prevent the cells from growing outside the microwells, the height can simply be controlled by changing the mould dimensions, the depth of compression (moulding pressure), or the viscosity of the moulded polymer.
In addition to modifying the diameter and height of the microwells, the shape can also be easily modified (Fig. 6) . Previous reports have shown that the substrate shape can have a profound effect on cell function. 44, 45 We demonstrate that uniform cell docking within microwells is not limited to cylindrical shapes (Fig. 6 B, E, F) . Other geometries can be easily attained as well, given that the desired pattern is rendered in the original photomask design from which the corresponding silicon wafers and PDMS moulds are generated. Furthermore, even irregularly shaped EBs can be harvested from the microwells (Fig. 6C) , making it possible to conduct further analysis for tissue engineering applications.
To examine the potential advantages of a microscale system that exhibits homogeneity in EB size and shape, we cultured ES cells within microwells in the absence of LIF, which represented differentiating conditions, and examined the expression of SSEA-1 and AFP markers for self-renewal and endoderm development, respectively ( Fig. 7(a) ). We compared these results to suspension cultures of EBs in the absence of LIF and to ES cells grown in the presence of LIF which served as controls. Results obtained for the suspension cultures were in agreement with previously reported mouse ES cell expression levels of SSEA-1 and AFP after 2 weeks in LIF conditions. 46, 47 Furthermore, results from antibody staining after 15 d of culture under differentiating conditions suggest that cells grown in microwells of controlled sizes may exhibit less variation in differentiation expression than those grown in standard suspension cultures without size control. We believe that one of the unique features of the microwell approach of generating EBs is the ability to control the EB variability. In addition to examining the homogeneity of SSEA-1 and AFP expression in individual cells after 15 d (Fig. 7(a) ), we have performed immunostaining of SSEA-1 (self-renewal), AFP (endoderm), Brachyury (mesoderm), and Nestin (ectoderm) on individual EBs without LIF after 5 d to examine the homogeneity of differentiation within individual EBs (Fig. 7 (b), (c) ). To quantify these differences we have calculated and compared the fluorescence intensity of individual EBs for each stain. The variation in expression of EBs grown in microwells was shown to be significantly smaller (F-test value , 0.05) than that of EBs grown in suspension. These results indicate that the variability of the differentiation between the EBs is smaller between EBs within the microwells than that of the EBs in the suspension cultures. Together, these results demonstrate that microwell cultures are useful for obtaining a greater homogeneity in differentiation pattern, both in terms of individual cells and in terms of individual EBs, thus minimizing the heterogeneity of differentiation that is typically observed with suspension cultures. This potential improvement in homogeneity may be beneficial in reproducibly differentiating stem cells into a specific lineage for potential tissue engineering and organ regeneration applications. In light of these encouraging preliminary results, it is worth pursuing further links between EB geometry and differentiation characteristics.
Conclusion
Here we show that homogenous and controllable EBs can be formed within microfabricated cell-repellant PEG wells which were used as a template to initiate the EB formation process. The size and shape of the EBs could be controlled, and the EBs formed in this manner remained viable and could be easily harvested from the wells. In addition, EBs in the microwells maintained their size and shape for at least 10 d. Most importantly, this technique can be used for homogenously initiating the formation of EBs. Based on these approaches, it is possible to create arrays of EBs which might potentially be used (along with other microenvironmental factors) to direct ES cell differentiation by controlling the early stages of differentiation. The technique presented here can be easily incorporated into high-throughput systems, where generation of large numbers of homogenous EBs may be required for therapeutic use or for simultaneously studying the effects of multiple conditions on ES cell differentiation. This will be beneficial for a variety of applications that involve stem cells, such as tissue engineering, investigational cell biology, drug discovery, and high-throughput screening. In addition, this approach can be used in any laboratory equipped for cell culture, therefore making it a practical method for many biological applications. 
